Daiki Miura?

Based on work in progress

w/Masaru Hongo'2, Tetsuo Hatsuda?, Hidetoshi Taya23

Niigata Univ., 2RIKEN iITHEMS, 3Keio Univ.

Symmetry and Effective Field Theory of Quantum Matter at Niigata Univ. on 2024/11/28



Motivation : Nuclear force in a strong magnetic field
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Magnetar : One of the Neutron stars which have a strong magnetic field
On the surface of this star, the magnitude of magnetic field is up to101°G

Heavy lon Collision : A magnetic field of up to 10'°G is generated

when relativistically accelerated charged particles collide non-centrally

» We are inspired and interested in a Nuclear force in a strong magnetic field
Especially, we focus on pion-exchange potential because this is the lightest meson



The deuteron
- |sospin-singlet T'= 0, Spin-triplet S = 1, Total angular momentum J = 1
* Non-zero electric quadrupole moment

* Magnetic moment 0.857uy,  pp : Nuclear magneton

M=0,+1 |Cg]* ~0.96,|Cp|* ~ 0.04

This mixture of state is understood to be caused by tensor operator in a one-pion exchange potential (OPEP)
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S12,L] #0 and 3Sl and 3D1 mix



Motivation : OPEP in a strong magnetic field

This tensor operator play role for binding proton and neutron
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Comparison OPEP with AV 18 potential for T =0, S = 1

Tensor force from OPEP is very attractive
NuSTEC Class Notes

and this force is the factor that deuterons exist

' Based on the above, we derive OPEP in a magnetic field

As application, we examine the deuteron energy shift using OPEP in a magnetic field



One-pion exchange potential in a strong magnetic field



Construction of the interacting Hamiltonian

-Chiral Lagrangian with a magnetic field B = (0,0,B)’
N = (pv n)t

1 Drn= =0,m tieA, n
Loz =¢"'DintDyn~ —mirtn™ + 5 (9,7°)? — ~m2(n°)? z z ’
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Non-rela Nucleon

- Take the heavy baryon limit for nucleons

- Aﬂ in Covariant derivative

- Magnitude of magnetic field

| eB | ng < m]%, and |eB| :mgN 1018G

e
- Neglect Zeeman term such as c-B <«
sz




Construction of the interacting Hamiltonian

Int. Hamiltonian from Lagrangian 1t field from EoM
His = 5 / d*r»  Di¢r*Nio'r,N 7% (1) = 5}“ / 3 Nl,oi 7o N DITIAY (7, 7| A)
i a== T

Y This is induced by a Nucleon at position 7’
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Interacting Hamiltonian
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To get OPEP for the deuteron state

(D Charged pion propagator (@ Acting on the state
iA%(r,r'|A)



Charged Pion propagator in a strong magnetic field

When A, is translational-invariant such as Fock-Schwinger gauge

1

A?S(r —7r') = 5

ij (Tk o T/k)

propagator satisfy

[—5ij(D§:)r(D;:)r — m2] iA(r — 7'|Apg) = 6°(r — ')
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D;: N e:iea(r)Di o iea(r)

Applying gauge transformation
AFS 5 A= A — gia(r)
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—~Charged pion propagator in a strong magnetic field —

A% (1, ] 4) = Falr e Ay — 17| A




Charged Pion propagator in a strong magnetic field

- Propagator in FS gauge

o D |2 > n 2 D1 2 1
momentum rep. A(p\AFS) = 2le  [¢B (—1) Ly, e B —p2 —m2 — (Qn + 1 \@B\
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T — 2 v/m2 + (2n + 1)|eB]
r 1 =, y) L (x) = L%(x) : associated Laguerre polynomials
magnetic field breaks rotational invariance
«/ @ Charged pion propagator (@ Acting on the state

iA%(r,r'|A)



Acting on the state and getting OPEP

pn) — [np)

- Isospin-singlet T'= 0 < - 7
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V (D Charged pion propagator V (@ Acting on the state
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Discussion about gauge transformability

9 — ] i F .
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Check behavior of OPEP for deuteron (preliminary)
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- These results show that OPEP in a strong magnetic field changes slightly

magnitude of magnetic field is eB = 5m?* < 10°G

>> Magnetar surface magnetic field 101°G
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Deuteron energy shift



(Preliminary)

deuteron eigenvalue equation for B = 0 : (VHeavy + VQPE) dar) = e |dr) M =0,+1 € <éBind = —2.24MeV
Then we put deuteron into a magnetic field
. . 7BA0 | {rB#0
deuteron eigenvalue equation for B %= 0 - (VHeavy OPE) V) = E )

evaluate I and examine the deuteron tends to get bound or unbound in a strong magnetic field

VHeavy — VHeavy

—> (VHeavy + VOPE + V(?p#EO VOPE) ) = E 1)
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(Preliminary)

deuteron eigenvalue equation for B = 0 : (VHeavy — VOPE) ldyr) = € |dar) M =0,+1 € <EéEBina = —2.24MeV
Then we put deuteron into a magnetic field
. . 7B#0 | {rB0
deuteron eigenvalue equation for B %= 0 - (VHeavy OPE) V) = E )

evaluate I and examine the deuteron tends to get bound or unbound in a strong magnetic field

VHeavy — VHeavy

—> (VHeavy + VOPE + préo VOPE) ) = E 1)

non-perturbative perturbative

Hamiltonian Hamiltonian 15



(Preliminary)

Perturbation theory with degeneracies

Energy shift AE from the first order of perturbation is given by

Aa = AFa

A is the matrix and matrix elements given by Ay = (dy| V(fpéo — Vorg |dur)

Eigenvector a = (ay, a,, a;)" tells how to mix eigenstates

1Y) = a1 |dar=1) + a2 |dyr=—1) + a3 |dyr=o)

We calculate this matrix elements and eigenvalue numerically.
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Deuteron energy shift (Preliminary)

eB|

2
ma

=5 (B~ 10"Q) AF; = 1.32MeV
AFE; = —0.0142MeV

Yernr, ) = 0.707 |dpr—41) — 0.707 |dps——_1)

‘ws AE2> = 0.707 ‘dM: 1> + 0.707 ‘dM:_1>

VeraEs) = |dr=o)

+ Spin un and down states may tend to get unbound in heavy baryon limit



 We derived the one-pion exchange potential in a strong magnetic field with ChPT

Effects of a external magnetic field : charged pion propagator and covariant derivative coupling

- There are not much difference between the V)7 and Vork

- We examined deuteron’s energy shift in a magnetic field with perturbation theory

- The energy shift and mixing state are caused by the perturbative Hamiltonian
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